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ABSTRACT

The focus of this study is to investigate the emission characteristics and combustion

dynamics of multiple swirl spray combustors either in premixing or non-premixed combustion

(e.g. Lean Direct Injection), and correlate these combustion characteristics (emissions,

combustion instability and lean flammability) to the fluids dynamics (flow structures and its

evolution). This study covers measurement of velocity flow field, temperature field, and

combustion under effects of various parameters, including inlet flow Reynolds number, inlet air

temperature, swirl configurations, downstream exhaust nozzle contraction ratios, length of

mixing tube. Knowledge obtained through this comprehensive study is applied to passive and

active controls for improving gas turbine combustion performance in the aid of novel sensor and

actuator technologies.

Emissions and combustion characteristics are shown closely related to the shape and size of

central recirculation zone (CRZ), the mean and turbulence velocity and strain rate, and dynamics

of large vortical structures. The passive controls, mostly geometry factors, affect the

combustion characteristics and emissions through their influences on flow fields, and

consequently temperature and radical fields. Air assist, which is used to adjust the momentum of

fuel spray, is effective in reducing NO, and depress combustion oscillation without hurting LBO.

Fuel distribution/split is also one important factor for achieving low NO, emission and control of

combustion dynamics. The dynamics of combustion, including flame oscillations close to LBO

and acoustic combustion instability, can be characterized by OH*/CH* radical oscillations and

phase-locked chemiluminescence imaging. The periodic fluctuation of jet velocity and formation

of large vortical structures within CRZ are responsible for combustion instability in multiple

swirl combustors.
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1. INTRODUCTION

The combustion dynamics, including combustion instability or lean combustion stability,

pose challenges for conventional diffusion combustion systems and especially, for modem lean

bum combustion systems. The occurrence of dynamics in diffusion flames can be depressed by

modification of fueling system or carefully scheduling operating conditions by calibration. But

for premixed combustors, the dynamics are more persistent and can only be damped partially by

empirical tools and controls (Mongia, et al. 2003). For DLE engine, the instability was observed

at equivalence ratio 0.55 (Pandalai and Mongia, 1998) based on its design and operating features.

DLE engines have stronger corner recirculation zones and smaller central recirculation zone

compared with conventional Single Annular Combustor (SAC) (Pandalai and Mongia, 1998). It

is also interesting to notice that the flame instability improved when central recirculation zone

was either absent or minimal for certain design. The reduction of central recirculation may

eliminate the PVC and avoid the potential oscillation from PVC dynamics of premixed

combustion. The coupling between heat release and acoustics pressure fields (also called thermo-

acoustic instability) are normally recognized as the mechanism for driving combustion

instability; lean combustion instability are mostly caused by local flame extinction and re-

ignition when fuel/air ratio approaches lean bum limit. These two types of dynamics can also

occur simultaneously.

The driven mechanism for thermo-acoustic combustion dynamics can be categorized into

two groups according to Mongia et al. (2003). First category, which is often associated with high

frequency (>1 kl-z), is the coupling between the pressure oscillation and the instantaneous flame

position and shape as the flame surface responds to the pressure disturbance. The second is the

coupling between pressure oscillation and local fuel/air ratio, with frequency ranged from 100 to
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1000 Hz. Several sub-mechanisms can affect local fuel/air ratio, including fuel line/air feeding

perturbation and unsteady flow structures. Also, according to the source term, i.e. which one

comes first as to heat flux and pressure oscillation, Ducruix et al. (2003) classify the driven

mechanisms into: flame/boundary interaction, flame/vortex interaction, in which heat flux leads

pressure oscillation, flame response to acoustic wave, and unsteady strain rate and equivalence

ratio fluctuation, in which these unsteady parameters cause pressure or/and velocity fluctuation

and finally heat release fluctuation. It is hard to isolate one from the other among all these

mechanisms. For instance, the oscillation in fuel/air equivalence is possibly caused by dynamics

of large vortical structure and consequently results in heat release oscillation.

For swirl-dump gas turbine combustors, the large vortical structures formed in the dump

plane and within central recirculation zone (PVC) are likely to be the driven source of

combustion instability provided certain phase relation with flame satisfied. Strong instability

occurs when the shear layer preferred mode frequency matches the chamber acoustic resonant

frequency (Schadow and Gutmark et al, 1992) or the vortex shedding frequency coupled with

one of the acoustic mode of inlet duct (Poinsot et al. 1992). For a dump combustor, Poinsot et al.

observed that vortex shed from the dump plane when the velocity oscillation was the maximum

and this vortex caused flame periodic change when traveling downstream.

Large-scale structures, such as PVC mentioned above and large coherent structure associated

with shear layer instability, play an important role in the mixing between fuel and air. The

dynamical nature of these structures controls the dynamics of combustion and heat release

process. The thermo-acoustic instability is therefore strongly dependent on the dynamical large-

scale structures. The temporal and spatial evolution of large coherent structures in shear layer is

reasonably well understood for simple flows such as mixing layers (Ho and Huang, 1982), shear
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layers (Ho and Huerre, 1984), jets (Hussain, 1983), and even back-step flows (Hasan, 1992), but

in more complex, multi-phase flows (such as sprays) this behavior is not as well understood.

Recent research conducted by Paschereit et al. (1998, 2000) investigated and controlled unstable

thermoacoustic modes in an experimental low-emission swirl stabilized combustor, in which

several axisymmetric and helical unstable modes were identified for fully premixed and diffusion

combustion. These unstable modes were associated with flow instabilities related to the

recirculation wake-like region on the combustor axis and shear layer instabilities at the sudden

expansion (dump plane). Sivasegaram and Whitelaw (1991) showed that swirl reduced instability

for disk-stabilized combustion, but increased the instability for flames stabilized behind sudden

expansions and annuli with a small clearance at the wall. Unlike the large body of literature

dealing with control of non-swirling gaseous flames, there is less work reported on the control of

swirling combustion, especially in the presence of multi swirlers. To control swirl

induced/modified instability, and to enhance the combustion performance, controlling or

manipulating the large-scale structures and the interaction between fuel and these structures is of

critical importance.

Flame off in lean bum combustion is an important issue and obtained increasing attention

recently. Early detection and proper control is the key to extend and prevent Lean Blow Off

(LBO). Muruganandam et al. (2003) identified the precursor of LBO by setting up a threshold

for OH* or CH* signal and counting the times these signals over the threshold based on the

observation that normally the flame tends to get stronger oscillation approaching LBO. This

approach has been tested on gaseous and liquid fuel for swirl-stabilized combustor at Georgia

Tech. It was demonstrated that LBO was extended by adding more pilot fuel. But the sacrifice of
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NO, emission was not clearly stated in this study. Acoustic detection of LBO is study by Nair

and Lieuwen (2003) with similar statistical approach.

Considerable amount of work in the area of passive and active combustion dynamics control

for gaseous and liquid fueled combustion has been reported during the last two decades

(Gutmark, et al., 1992; McManus et al., 1993; Annaswamy and Ghoniem, 1995). Studies

reported in these reviews have dealt mostly with bluff-body-stabilized combustor and dump

combustors where the recirculation induced by a bluff-body or by a sudden expansion was used

to stabilize the flame, and were more recently extended to swirl stabilized combustors

(Paschereit, Gutmark, and Weisenstein, 2000). Active control strategies have been used to

suppress thermo-acoustic instabilities in the combustors. These control strategies have generally

relied on modulating the fuel injection and phase shifting it so as to decouple the pressure

oscillation and heat release with respect to each other. Control strategies have also looked at

improving fuel efficiency and reducing pollutants (Paschereit, Gutmark, and Weisenstein, 2000)

and in extending flammability limits (Gutmark et al., 1990).

The major goals of the proposal:
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2. EXPERIMENTAL SETUP

2.1 Experimental Facilities

2. 1.1. Triple Annular Research Swirler

A Triple Annular Research Swirler (TARS) was developed to apply the concept of variable

nozzle geometry by Delavan Gas Turbine Products (DGTP, a division of Goodrich Aerospace)

with the collaboration of General Electric Aerospace Engines (GEAE). To simulate Dry Low

Emission (DLE) combustor, all the air needed for combustion flows through the fuel injector and

no additional dilution air is provided. When a short section of mixing tube inserted between

TARS and combustion chamber, the combustor will simulate DLE combustor; without mixing

tube it more ensembles Lean Direct Injection combustor.

Outer

Fuel Lin•

Intermediate
Swirler

Inner
Swirler

Figure 2.1 Triple Annular Research Swirler with its fuel circuits.

TARS (Fig. 2.1) features three air passages with each passage having its own swirler that can be

changed independently. Different configurations of TARS can be formed by changing the
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swirlers---outer swirler a, intermediate swirler 3, and inner swirler y--- either to different

swirling angles or different rotating directions, to form different swirling flow fields (for

instance, some configurations are listed as Fig. 2.2). The inner and intermediate swirlers are axial

swirlers whereas the outer swirler is a radial one. Hereafter, the swirler configuration will be

labeled with the swirler angle in the order of outer, intermedicate and inner, and with "C"

labeling the counter-rotating swirl direction. For example, S5545C45 means that the swirler

configuration has 550 outer swirler, 45' intermediate swirler in counter-rotating direction and 450

inner swirler.

Inner Swirler

300, 4 vanes, CCW 45', 4 vanes, CCW 45', 4 vanes, CW

Intermediate Swirler

30', 8 vanes, CCW 45', 4 vanes, CCW 45', 4 vanes, CW

Outer Swirler

30', 8 vanes, CCW 55', 8 vanes, CW 30', 8 vanes, CW

Figure 2.2 Different inter, intermediate and outer swirler configurations with co-rotating rotating

(CW) and counter-rotating (CCW) (not all configurations listed here).
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Two sets of distributed liquid fuel injection circuits are integrated within TARS assembly:

pilot fuel circuit injects fuel inward into the intermediate swirling air passage and the main fuel

circuit injects fuel outward into the outer swirling air passage. The pilot and main fuel was

separated inside the cone of the fuel nozzle. The fuel was first injected through 13 mil diameter

holes in the dome inside the cone and then through the 30 mil diameter holes on the cone that

separates the outer and intermediate swirling air. The number of injection holes for the pilot and

main fuel is four and eight, respectively. All fuel injection holes were identical in size for pilot

and main fuel, with flow number of 0.0017 kg-s-'.Mpa- 1 2 (calibrated on Mil-C-7024 with density

of 762 kg/mi3). Another important feature of this nozzle/swirler assembly is the design of air-

assist system. There are two air-assist lines that are inserted into the fuel nozzle, feeding small

amount of air to premix the liquid fuel inside the cone. The mixture of air and fuel was injected

through the 30 mil holes. This design provides the controllability of fuel outgoing momentum

through the modulation of the air assist, which is investigated in this study as an active control

method for combustion dynamics and emissions. These two air-assist lines can also be used as

fuel supply lines for gaseous fuel. In that case, the gaseous fuel occupies total 12 injection holes.

2.1.2. Combustion Test Rig

The atmospheric combustion test rig for TARS is depicted in Fig. 2.3. The combustor is set

up vertically with the air fed from below, preheated by a 36kW electrical heater and conditioned

by a set of fine mesh screens and a honeycomb straightener that are installed sequentially in the

air conditioning chamber. Static pressure transducer (Druck PMP 4000 series, +0.04%FS

accuracy, lpsi range) and type K thermocouple were mounted on this chamber to monitor the

pressure drop, dynamics pressure oscillation, and inlet air temperature, respectively. TARS is

10



N00014-02-1-0756

Seeding Pressure TARS ExhaustPorts •orts Nozzle

Air-co ditioning Extension Combustion
Inlet Flange Chamber Chamber Chamber

Mixing
tube

Figure 2.3 .Combustion test rig for TARS and the enlargement view of mixing tube.

centered in a mounting plate that is installed in a 6" inner diameter plenum chamber.

Downstream of TARS, a cylindrical section of the mixing tube may be inserted between the

TARS exit and combustion chamber inlet to form mixing duct for fuel/air and configure the test

rig into a pre-mixed combustor. The combustion chamber is 45.7 cm long, with four flat walls

assembled by four posts to form an octagon shape cross-section. The walls can be made either of

quartz glass to allow optical access and OH/CH chemiluminescence monitoring of the flame, or

an instrumentation plate for installation of pressure transducers and thermocouples. The cross

sectional area of this chamber is identical to that used in the cold flow tests, a 10cm inner

diameter cylindrical tube. A circular exhaust nozzle is mounted downstream of the combustion
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chamber as a contraction for the exhaust combustion gas. Circular quartz tube (4" in diameter)

was also used as the combustion chamber to provide full view of the flame for

chemiluminescence and video imaging.

A fuel supply system was designed to supply, control and meter the flow rates of the pilot

fuel, main fuel, and air-assist flow. The liquid fuel (Ethanol or Jet-A) is stored in a stainless steel

tank that is pressurized by nitrogen up to 160 psi. The fuel is delivered to a main control valve

and turbine flow meter (Hoffer Mini-Flow meter, MFI/70B, ±1% accuracy FS) and then split

into the pilot and main fuel branches, with each having its own controller and on-off valve.

Another turbine flow meter was installed on the main fuel line to meter the fuel split between

main and pilot fuel circuits. The air-assist flow is regulated to 30 psi and controlled by a needle

valve and metered by a digital gas flow meter (Alicat M series, +1% FS accuracy). This meter

can also meter the flow rate of gaseous fuel, such as propane and natural gas. This fuel metering

system is fully digitalized and is ready for integrated into a data acquisition system.

Different types of pressure transducers have been used for this study. Normally, a water-

cooled Kistler piezoelectric pressure transducer (Model 7061B with charge amplifier 5010B)

was mounted on the wall 5 cm above the inlet plane of combustion chamber to monitor the

oscillations of pressure. When optical tube was used as the combustion chamber, a Brtiel & Kjoer

microphone (Model 4939-A-01 1) was set up 0.5m away from the combustor to detect the

pressure oscillations. The static pressure transducer mounted on the plenum chamber can also

detect pressure oscillations in addition to the static pressure. This signal is used for measuring

flow oscillations of the inlet section of the combustion chamber.

Two types of combustion gas analyzer have been used in this four years span study. Most of

the emission data of the octagon shape combustor were from IMR 3000P electrochemical gas
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analyzer. The sampling probe was inserted 40cm above the inlet plane and centered on the

centerline. CO, NO, NO 2 (there two items are combined to NO, hereafter), and 02 are analyzed

independently. This analyzer has ±2 ppm accuracy for CO and NOx.

The second system is basically an extractive sample conditioning and control system, which

provides a representative sample to a chemiluminescent NOx monitor and an infrared CO

monitor with an installed paramagnetic 02 sensor. The system has 10ppb resolution for

NO/NOx, 0.1ppm for CO, 0.1% for C02 and 02. The sampling probe is heated to above 100'C

for eliminating water vapor from the sample. The CO analyzer is designed to be in serial

arrangement using a pneumatic type differential sensor to minimize the interference from CO 2 or

water vapor. For the operating principle please refer to the book written by Jahnke (2000).

All the process parameters, including main air flow rate (ma, in SCFM), air inlet temperature

(T 3, in °C), plenum pressure (p3, in psi), pressure inside combustion chamber (p4, in psi),

combustion temperature (T 4 , in 'C) , combustor wall temperature (TJ, in 'C), total fuel flow rate

(Wf, in GPM), liquid fuel split (fuel flow rate between main and total) are recorded by Labview

program, as well as emission data from gas analyzer. The dynamic data, including pressure,

optical signals, are recorded at 5000Hz simultaneously.

2.1.3. Setup for Laser Diagnostics

Particle Image Velocimnetry

Stereoscopic PIV system (TSI) was used to measure the flow field in the combustion

chamber and investigate the influences to the flow fields from swirler configurations, mixing

tube length, air flow rate, and exhaust nozzle diameter. The system included: two 120 mJ 15 Hz

pulse Nd-Yag laser (New Wave Research Gemini PIV laser Model 120-15), signal synchronizer
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Combustion (Model 610034), two 2048x2048 pixels 12-bit
Laser sheet chamber

Powerview CCD cameras (Model 630049),
Laser head

and two high performance frame grabbers

(Model 600069). The 4mm diameter laser

beam from the laser head formed a laser sheet

Left camera Right camera by a cylindrical lens (Focus Length = -15mm

(a) PIV setup for streamwise plane or -25 or combination of two) and a spherical

Combustion chamber lens (Focus Length =500mm). The laser sheet

Left camera Right camera has a width of 130mm at the waist location

*. and thickness of about 1mm, overlapping the

Lase head ""centerline of the combustion chamber.

For streamwise plane measurement, theLaser head".

two CCD cameras were mounted on the same
+ lupplane sides of the laser sheet with a separation angle

(b) PIV setup for cross-sectional plane of 30', focusing on the field of view created

Figure 2.4: Experimental setup for PIV by the pulsed laser sheet on the streamwise

measurement on (a) streamwise plane plane (Figure 2.4a). Based on the calculation

and (b) cross sectional plane. of the displacement of pixels between two

laser pulses (for this experiment this laser

pulse interval was set between 6 ýis to 12 pts), radial velocity (V,.) and axial velocity (VK) were

obtained with units of pixels per second. To obtain the third velocity component, which is

perpendicular with the laser sheet, a calibration procedure was applied to generate the correlation

14
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equation by imaging several (normally two) planes with different depth in the perpendicular

direction.

For cross-sectional plane measurement, the two cameras are looking from above with a

separation angle of 60'. Because the camera only has one perspective angle adjustment, the

centerline of the combustor chamber and the centerlines of the camera lens have to be in the

same plane, as shown in Fig. 2.4b.

2.1.4. Optical Fiber Detector

Optical fibers are used for monitoring the dynamic signals of flame. The light emitted by the

flame was received by the optical fiber in a narrow cone angle of about 230. The light is filtered

by narrow band pass filters, then amplified and converted to voltage signal by a photomultiplier

tube (PMT). Filter centered at 308nm is used for OH* radical and 430nm for CH* radical. The

optical fiber can be put outside the combustion chamber horizontally monitoring the flame or

integrated into the fuel nozzle looking the flame vertically along the flow direction. For the fiber

integrated TARS (Fig. 2.5), a bundle of PMT with four OH* channels and three CH* channels

was assembled by Goodrich Sensing Technology Department. Fibers are installed at four

locations: OH*/CH* CRZ labels the fiber at the centerline of the nozzle; OH*/CH* 2 and

OH*/CH*3 and OH*4 are the fibers circumferentially installed on the expansion cone of outer

swirler. The angle between the three circumferential fibers is about 1200.

2.1.7. OH* and CH* Chemiluminescence Imaning

We use intensified CCD camera (Roper Scientific Super Blue 1024x 1024 pixels, 12-bit) with

timing generator that can handle minimum about 2ns time delay. This camera can be used in

either free run mode or gate mode that can be phase-locked with dynamic signals. Narrow band-
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pass filters were used for radical chemiluminescence: 432 nm center wavelength with Full-Width

Half-Maximum (FWHM) 4 nm (Omega Optical) for CH*-line (A2A, v'=0 --_ X2Hj, v"=0,

X=431.2 nm); and 310.02 nm center wavelength with FWHM 10 nm (Andor 310FS10-50) for

OH*-line (A 2+, v'=0 , X2f1, v"=0, X=306.4 nm).

Figure 2.8: Arrangement of optical fibers integrated with the fuel nozzle.

2.2 Error analysis

The error sources for this study may come from different sources because the instrumentation

involves multiple measurements of flow rate, velocity, temperature, pressure, and light

emissions. The aspects of error sources are listed as following.

All the flow meters in this study have accuracy of±1%. For fuel/air equivalence ratio, which

is defined as the real fuel/air ratio versus stoichiometric, the error in fuel flow rate and air flow

rate will contribute ±1.4 % by root mean square method (Moffat, 1988). The Reynolds number in

this study is calculated from the air mass flow rate, fluids property (density and viscosity) and

geometry. Since the error for fluids property and geometry is fairly small, the error in Reynolds

number is estimated to be 1%.
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Inlet air temperature is measured by type K thermocouples that have ±IC accuracy. The

combustion temperature is measured with a type B thermocouple and precision thermometer

with accuracy ±0.1 C.

The error for velocity measurement by LDV is in the range lower than 1% error because the

data rate was maintained about 3 kHz and 40000 samples were taken for each location. Due to

the non-uniformity in seeding and reflection of laser from the confined wall, the error for PIV

measurement is difficult to estimate. When these problems are minimized through iteration of

laser sheet alignment and camera setup, the velocity from PIV is in the error range of ±10%

compared with the LDV measurement.

The signals from optical fibers are not calibrated so the data comparison is not real

quantitative but rather proportional to the light or radical intensity. Therefore, theses signals are

represented as voltage instead of intensity. However, this won't affect the conclusion we will

draw bases on these data because absolute value is not necessary for the comparison of

parameters which are measured with the same optical setup.

The microphones used in this study, including high temperature and low temperature ones,

are in the accuracy of±0.05%. The signals detected by these microphones are sufficient for FFT

analysis and comparison of RMS values.
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3 DYNAMIC STRUCTURES IN SWIRLING FLOW

Swirling flow is unsteady three dimensional in nature. The large vortical structures involved

in swirl-dump combustors mainly include Precessing Vortex Core (PVC) and Large Vortex

Shedding from the Dump plane (LVSD). PVC was extensively investigated by research group

leading by Syred and O'Doherty et al. (1974, 1997) and LSVSD by Gutmark and Shadow

(1992), and Poinsot (1987). The combustion dynamics are shown closely related to these flow

structures; therefore depicting dynamic flow structures for this multiple swirl flow is essential to

build up the logic correlating flow structures to combustion dynamics and emissions, which are

affected by combustor geometries we investigated before, namely, length of mixing tube,

exhaust nozzle contraction ratio and swirler configurations.

In swirl-dump combustors, the co-existence of two different large coherent structures

complicates the flow and the combustion dynamics. Time resolved flow structures and

combustion dynamics have to be applied to trace these dynamics when either PVC or LSVSD or

both dominates the flow and the combustion dynamics during instability occurrence. The large

coherent structures in swirl-dump combustors, PVC and LVSD, were measured with phase-

locked stereo PIV for isothermal flows based on the different characteristic frequencies identified

by microphones. The experimental setup is shown in Fig. 2.7. Meanwhile, the flame dynamics

were measured with OH* chemiluminescence that was phase-locked with pressure oscillation

signals.

3.1 Precessing Vortex Core

It is not trivia to identify PVC from the complex swirling flow because the definition of

PVC requires detailed measurement of instantaneous velocity fields. Syred et al. (1974) specified

PVC lying on the boundary of the mean reverse flow zone between the zero velocity and zero
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stream line. Fick et al. (1997) stated that PVC was represented by the point of zero velocity in

the tangentialflow, and this structure was displaced from the geometric axis of the burner and

precessed around the axis in certain frequency, but not necessary in a circular manner but rather

in a helical style. To reveal the PVC inside swirling flow field downstream of TARS, we first

discuss the instantaneous vector of unconfined case and then move on to confined case with

different inlet air temperatures that more ensembles the real gas turbine combustor.

3.1.1 Unconfined Swirling Flow

The simple case for revealing PVC dynamics is from unconfined isothermal flow. Velocity

fields on the streamwise plane of Swirler S554545 are shown in Fig. 3.1, in which (a), (b), and

(c) are instantaneous vector plots at random times tI, t2 and t3. The combustor inlet plane is

located at Y=-40mm. X=Omm is at the combustor geometry centerline. Multiple large vortical

structures along the winkled swirling jet shear layer are clearly shown in these instantaneous

images, highlighting the three dimensional unsteady features of this complex flow. These large

vortices, especially the two located near the combustor inlet, are most likely to be PVC and its

associated eddies as was identified by Fick et al. (1997). The downstream evolution of this pair

vortices wrinkle the swirling jet, causing its wave-like motion in instantaneous images. This pair

vortices manifest as axisymmtric (Figs. 3.1a and 3.2b) or non-axisymmetric form (Fig. 3.1c),

travel downstream and are visible even after 100mm (2D). The averaged vector plot smoothes

out these dynamic features and depicts only the pair vortices axisymmetrically located at the inlet

as normally seen from PIV averaged image. The comparison of velocity profiles at Y=10mm

(about in the middle of measured flow field) for instantaneous and averaged flow fields are

shown in Fig. 3.2. It can be seen that the average velocity field only partially represent this flow
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in keeping the overall trends: reversed axial velocity within CRZ; Rankine vortex like profile for

tangential velocity and fairly small magnitude of radial velocity. There are significant

fluctuations between instantaneous velocity fields for axial, tangential, and radial components.

These fluctuations governs the real time flow fields and will impact tremendously on

combustion performance when local fuel/air mixing and emission optimization have to be

considered for ultra-low emission gas turbine combustions.

3.1.2 Characteristics frequency of PVC

PVC is characterized by certain frequency because PVC regularly modifies flow structures

and generates periodic large pressure oscillations (Fick et al., 1997, 1998). Pressure transducer

mounted on the rim of combustor inlet (Fick et al, 1998) can be used detecting this pressure

signal. The sensor can also be installed many burner diameters downstream of the combustor

inlet (Yazdabadi et al., 1994). In this study, A low noise, high sensitivity microphone was

mounted 2 cm above the combustor exit and 2 cm away from the combustion chamber wall,

aligned with the chamber diameter. FFT spectral analysis of the microphone signal (sampling at

5 kHz) identified the dominant frequency f that had the peak magnitude across the spectra.

Figures 4.3a and b plot this frequency (in Hz) versus ReD and the characteristic frequency

parameter fD 3/Q versus ReD, respectively. This dominant frequency increases linearly with ReD

(Fig.4.3a), but slightly higher for shorter tubes (L = 40 cm and 45 cm, normalized with

combustion diameter D, as L/D, = 4, 4.5) than that of the longer tube (L= 65 cm, L/D, = 6.5). For

tubes with similar lengths (L/D, = 4, 4.5), the frequency lines versus Reynolds number were

identical. ]D3/Q is constant for tubes with a certain length: 0.20 for L/D, = 4, 4.5 and 0.18 for

LIDC = 6.5 . The characteristics of this frequency match closely with the observations of PVC in
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swirling flows from Syred and Beer (1974), and Cassidy and Falvey (1970). They foundf!Y/Q in

the range of 1.0-1.5 for SN= 0.91 - 1.86 for cyclone combustion chambers. Therefore, this

frequency may be interpreted as the PVC frequency and the signal corresponding to this

frequency can be used as a trigger signal to phase-lock PIV and resolve the dynamics of the

PVC.
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Figure 3.1: Instantaneous vector field on streanowise plane (a), (b) and (c) at random times ti, t2, 03 and

(d) Averaged vector plot of unconfined case: S554545, Tjý250 C, RID=4.4x1O04. X is horizontal axis and Y is

vertical axis in mm.

The PVC frequency is also a function of inlet air temperatures in addition to Reynolds Number
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Figure 3.2: Profiles of axial (V), tangential (W) and radial (U) velocity components at Y=10mm of

instantaneous vector field T1, T2, T3 and averaged vector of unconfined case: S554545, T3=251C,
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4
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(Fig. 3.3a). As the inlet air temperature (T'3) increased from 20'C to 400'C, the slope of the

frequency versus ReD became greater although there is still a linear relationship between PVC

frequency and ReD (Fig. 3.4a). It indicates that this frequency is more sensitive to Reynolds

number when the air temperature gets higher. We also noticed that in Fig. 3.4b the normalized

frequencyfD3/Q increased linearly with the inlet air temperature; but the shorter burner (L/D, =
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4) features greater slope than the longer one (LID, = 6.5). As observed in Fig. 3.3a, the

frequencies fall on different lines for burners with different lengths. This disparity can be

attributed to the friction effect of the wall (Syred and Beer, 1974) and it is not so significant for

lower temperature than for high temperature because the viscosity effect is not so considerable

for high Reynolds number flow at low temperature. As 7'3 increases, the increase of air viscosity

causes the Reynolds number to decrease (refer to Eq. (1)), even though the decrease of air

density also causes average velocity increase. Due to the same effect of viscosity, ]D3 /iQ is a

linear function of the air temperature (Fig. 3.4b). The change of viscosity affects the PVC

characteristic frequency more at high air temperatures.

70 0.40
• -6- L/Dc=4 LDc=4

60 -N- LDc=4.5 --. L-Dc=4.5
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Figure 3.3: (a) Frequency of PVC versus Reynolds number (ReD); and (b) frequency characteristic parameter

fD 3/Q versus RD for L/D,=4, 4.5 and 6 at Tj=20°C.

If we extrapolate the PVC frequency of L/D, = 4 from the isothermal temperature to

combustion temperature, the fundamental PVC frequency will be 216 Hz if assuming the

combustion gas temperature to be 1400'C. When combustion occurs, the dominant frequency

detected by the microphone was between 410-430Hz for stable combustion with ReD = 2x10 4

3x10 4 (T,,=23 0 °C, L/D, = 4) while the coherent instability happened at a frequency of 414 Hz.
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The coincidence of the secondary harmonics of PVC and the instability frequency may imply

that PVC could possibly play a role in the instability dynamics. This point needs to be further

verified by combustion dynamics discussed in later sections.
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Figure 3.4: Temperature effects on the frequency of PVC: (a) frequency versus ReD for T0i,=20, 230 and

4001C, L/ID=6.5; (b) frequency versus Tair for L/D.=4, 6.5 at ReD (20 0C) =26,000.

3.1.3 Confined Swirling Flow

Confinement, like combustion chamber, affects the swirling flow field both in its

recirculation zone shape (Fig. 4.5) and dynamic structures. The formation of corner recirculation

zone helps in jet expansion and enlarges CRZ, pushing the high velocity jet against the

combustor wall. The pressure signal detected by the microphone is used to generate the trigger

signal for phase-locked PIV measurement. Both streamwise plane and cross-sectional plane

vectors are measured to reveal PVC structure and related eddies for swirling flow in a 10cm

diameter optical combustion chamber.

It is realized that the phase-averaged PIV image can smooth out some features instantaneous

images depict (Fick et at., 1998) due to the helical motion of PVC and the evolutions of vortices
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inside swirling flow, as is demonstrated for unconfined flow in Fig. 3.1. For confined swirling

flows, the comparison between instantaneous vectors and averaged vector plots is shown in

Figure 3.5. As is expected, the phase-averaged flow field shows fairly organized structure

compared with instantaneous pictures: emanating jets associate with large vortices along their

inner sides and these vortices shrinks when traveling downstream. Because of expansion of the

CRZ, the vortices are displaced away from combustor centerline. Figure 3.5 highlights this

observation with circular red dot line. The vortex formed near the combustor inlet (Fig. 3.5a)

appears to peal from the jet inner side (Fig. 3.5b), moves away from the jet (Fig. 3.5c) and forms

large vortical structure downstream (Fig. 3.5d).

More information of flow dynamics can be revealed from the cross-sectional measurement.

On the cross-sectional plane at zIR=O.125, the instantaneous vectors show single vortex around

the geometric center of the combustion chamber (Fig. 3.6). Although it is hard to distinguish the

exact location of PVC, the red dotted circles highlight the different orientation of this central

vortex, which is possible a manifestation of vortex precessing around the geometric center. The

axis of this elliptical vortex switches from vertical to horizontal or from 1350 angle to 450 angle

although the phase-averaged vector shows a vortex almost perfectly located at center X=0,

Y=Omm.
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